Gastric intubation of female Sprague-Dawley rats with 5 g of ethanol/kg body wt. nearly doubled oxygen uptake by the isolated perfused rat liver maximally after only 2.5h of treatment (Swift Increase in Alcohol Metabolism). Inhibition of enhanced oxygen uptake by KCN (2mM) and 4-methylpyrazole (0.8mM) suggested the involvement of the mitochondrial respiratory chain and alcohol dehydrogenase in this phenomenon. Glycolysis was depressed after ethanol treatment. Diminished ATP generation via glycolysis accounts for a portion (23-50%) of the increased oxygen uptake, assuming that other rates of biosynthesis remain constant. Injection of adrenaline (2mg/kg) h before perfusion mimicked partially the action ofethanol on hepatic oxygen uptake. The increases produced by ethanol and adrenaline were not additive, suggesting that adrenaline is involved in the action of ethanol. Moreover, the increase in hepatic oxygen uptake produced by 2.5h of ethanol treatment could be blocked by either a-(phenoxybenzamine; 40mg/kg) or a6-(propranolol; 40mg/kg) adrenergic blocking agents. Blood glucose increased after ethanol treatment, supporting the involvement of glycogenolytic hormones in this effect. These data indicate that at least part of the stimulated oxygen uptake after treatment with ethanol is a result of lower rates of glycolytic ATP generation resulting from hormone (e.g. adrenaline etc.) action. The ADP not phosphorylated in the cytosol enters the mitochondria, where it stimulates oxygen uptake.
An adaptive increase in ethanol metabolism after chronic treatment with ethanol involving the alcohol dehydrogenase pathway is well documented (Hawkins & Khanna, 1966; Mendelson & Mello, 1966; DeCarli & Lieber, 1967; Porta et al., 1968; Toban & Mezey, 1971; Thurman et al., 1975) . Evidence supporting this includes the observation that the adaptive increase is sensitive to an inhibitor of alcohol dehydrogenase, 4-methylpyrazole (Thurman et al., 1975) , as well as the fact that it is observed at low ethanol concentrations (< 1 mm), where nonalcohol dehydrogenase-dependent pathways are minimal (Thurman & Scholz, 1976) . Furthermore, ethanol treatment increased both oxygen uptake and ethanol metabolism in liver slices and perfused rat liver (Thurman et al., 1975) . This increase in oxygen uptake is responsible for stimulation of ethanol metabolism by enhancing reoxidation of NADH, thereby allowing a more rapid dissociation of the binary alcohol dehydrogenase-NADH complex to occur. In contrast, ethanol produced only a small stimulation (5-10%) of hepatic oxygen uptake when added directly to the perfused liver (Thurman & Scholz, 1977) . This effect has been explained by the following Vol. 186 sequence of events: ethanol increases the NADH redox state, which inhibits glycolysis. Since the glycolytic pathway is an ATP-generating enzyme sequence, inhibition makes more ADP available to stimulate mitochondrial electron transport and increase oxygen uptake (Thurman & Scholz, 1977) . have shown that one single large dose of ethanol (5.0g/kg) increased the rate of ethanol elimination about 60% in the rat in vivo in only a few hours. This increase in ethanol elimination was blocked by 4-methylpyrazole. Taken together, these observations predict that one dose of ethanol may stimulate oxygen uptake in the liver in a short period of time.
The purpose of the present experiments was therefore to establish the minimum time after ethanol treatment in vivo that would cause an increase in oxygen uptake of the perfused rat liver. The data in the present paper indicate that oxygen uptake and ethanol uptake were nearly doubled 2.5h after one large dose (5.Og/kg) of ethanol to the rat. Diminished rates of ATP production from glycolysis are partially responsible for this rapid increase in oxygen uptake. Rapid enhanced oxygen uptake probably explains the Swift Increase in Alcohol Metabolism (Thurman 0306-3283/80/010119-08 $1.50/1 et al Yuki & Thurman, 1978) . Preliminary accounts of this work have appeared elsewhere Yuki & Thurman, 1978) .
Methods and Materials Animals
Female albino rats (Sprague-Dawley strain; 80-150g) received laboratory chow and water ad libitum. When indicated, some rats were starved for 24h before surgical preparation. Animals were either treated with ethanol via gastric intubation with three fractional doses for 24h or with one single dose (5.Og/kg) 2.5h before surgery. Controls were intubated with 0.9 % NaCl.
Non-recirculating haemoglobin-free liver perfusion
The perfusion technique has been described elsewhere (Scholz, 1968; Scholz et al., 1973) . With this technique, the liver is isolated surgically under pentobarbital (50mg/kg) anaesthesia. The perfusion fluid was Krebs-Henseleit bicarbonate buffer (Krebs & Henseleit, 1932) , pH 7.4, saturated with 02/CO2 (19:1). The fluid was pumped into the liver via a cannula inserted in the portal vein. The effluent perfusate was collected with a cannula placed in the vena cava and flowed past an oxygen electrode before it was discarded. Ethanol or drugs were infused into the perfusion fluid before it entered the liver with precision infusion pumps.
The oxygen concentration in the effluent perfusate was monitored continuously with a Teflon-shielded platinum electrode. The influent oxygen concentration was maintained constant by the oxygenator and was measured before and after each experiment. Influent ethanol concentrations were determined under identical perfusion conditions in the absence of the liver. Metabolic rates were calculated from influent concentration differences and the constant flow rate and expressed per g wet wt. of liver per h.
Subcellular fractionation
Mitochondrial and microsomal fractions were isolated by standard techniques of differential centrifugation (Hogeboom et al., 1948; Hildebrandt etal., 1968) . Mitochondrial respiration was monitored continuously in a temperature-regulated chamber (1.Oml) polarographically. Ethanol oxidation by the microsomal fractions was determined by the method of Lieber & DeCarli (1970) .
Blood-sampling technique
After anaesthesia of the rat with pentobarbital (50mg/kg), the femoral artery was ligated, and blood samples (50p1) were collected every 10-30min. Blood was deproteinized with HCIO4 (1.5M; 300pl), centrifuged, and neutralized with NaOH (2.5M; 200,ul). Glucose was determined in the supernatant by standard enzymic procedures (Bergmeyer, 1970) .
Analytical
Samples of the effluent perfusate were collected every 2min and analysed for glucose, lactate, pyruvate, f-hydroxybutyrate, acetoacetate and ethanol by standard enzymic procedures (Bergmeyer, 1970) . Liver glycogen contents were determined by the method of Fong et al. (1953) . Protein was determined by the method of Gornall et al. (1949) .
Alcohol dehydrogenase activity of liver was determined at 25°C in the direction ethanol-> acetaldehyde on the 100000gsupernatant as described by Crow et al. (1977) . (Goulden, 1939) .
Results
Effect of ethanol treatment on oxygen uptake in livers perfused with ethanol-free buffer To determine the minimal time necessary for ethanol to increase hepatic oxygen uptake, rats were given ethanol via gastric intubation (5.0g/kg) at zero time, and 8 and 14h later (Fig. 1 ). -Basal rates of oxygen uptake by the ethanol-free perfused livers were between 100 and IlOpmol/h per g and were unchanged by gastric intubation with saline (0.9% NaCI). The oxygen uptake increased swiftly in livers from rats previously treated with ethanol, and was nearly doubled 2.5h after the initial dose ( Fig. 1 ; Table 1 ). The rate subsequently declined nearly to basal values at 5 h and slowly increased to a new maximum at 16h before slowly returning again toward basal values (Fig. 1) . Because the maximum increase in respiration after treatment with ethanol was observed 2.5h after the initial dose of ethanol, all subsequent experiments were performed at that time.
A possible involvement of the mitochondrial respiratory chain in the increase in oxygen uptake was examined by using KCN, an inhibitor of cytochrome oxidase. Cyanide infusion diminished oxygen uptake in livers from both control and ethanoltreated (2.5 h) rats approx. 75-80 % (Fig. 2) . Carboxyatractyloside (0.1 mM), an inhibitor of the adenine nucleotide translocase, also decreased respiration in alcohol-treated livers by 35-40 %. on oxygen uptake by the perfused liver Ethanol (5.0g/kg) was administered to rats via gastric intubation at times 0, 8h and 14h (arrows). Thus animals at longer time points received multiple doses of ethanol. Untreated rats were intubated with 0.9% NaCl. At times indicated by the filled circles, livers were perfused with ethanol-free KrebsHenseleit bicarbonate buffer, pH7.4. After 20-30min of pre-perfusion, steady-state rates of oxygen uptake wete calculated from the influent-effluent oxygenconcentration difference, the flow rate and the liver weight. Results are means ± S.E.M. for the numbers of experiments in parentheses.
RAPID INCREASE IN OXYGEN UPTAKE CAUSED BY ETHANOL
State-3 and state-4 respiration (Chance & Williams, 1955) were identical (statistically not significantly different by Student's t test) in mitochondria isolated from control and ethanol-treated rats (2.5h) with succinate as the substrate (n = 5; results not shown).
Rates of oxygen uptake and glycolysis in livers from control and ethanol-treated rats Rates of glycolysis were estimated by the production of lactate+pyruvate by the perfused liver. This index is reliable because concentrations of pyruvate in these experiments were far below the Km of pyruvate dehydrogenase for pyruvate .
In livers from control rats, rates of lactate+ pyruvate production and oxygen uptake were both between 100 and 120Opmol/h per g (Fig. 3a) ; when ethanol (1.5mM) was infused, a small increase in respiration of about 20umol/h per g was observed. This increase was not statistically significant. Concomitantly, lactate+pyruvate production decreased to about 40,umol/h per g (Fig. 3a) . In contrast, average rates of oxygen uptake were initially much higher (200-220,mol/h per g) in livers from ethanol-treated rats (Fig. 3a) . In livers from ethanol-treated rats, rates of lactate+pyruvate production were muclh lower (approx. 30,umol/h per g) (Table 2) , and ethanol infusion had no effect Vol. 186 Table 1 . Effect of ethanol, adrenaline and adrenergicblocking-agent treatment on oxygen uptake by perfused rat livers Rats were treated with ethanol 2.5h before surgical preparation. Oxygen uptake by the perfused liver was determined polarographically as described in the Methods and Materials section. Adrenaline and adrenergic blocking agents were injected intraperitoneally I and 3 h before liver perfusion respectively: adrenaline, 2mg/kg; phenoxybenzamine, 40mg/kg; propranolol, 40mg/kg. Results are means ± S.E.M. for the numbers of experiments in parentheses. Starved rats were deprived of food 24h before surgical preparation. Phenoxybenzamine and propranolol had no significant effect on oxygen uptake in the control rat. Each group was compared with its own nontreated control by Student's t test (column P): n.s., not significant (P>0.05).
Oxygen uptake (pmol/h on either oxygen uptake or lactate+pyruvate production (Fig. 3b) . Rates of glucose production were also decreased after ethanol pretreatment, whereas rates of ketogenesis (f,-hydroxybutyrate+ acetoacetate production) were increased 2-3-fold (Table 2) . When glucose (20mM) was infused into livers from ethanol-treated rats, rates of lactate+pyruvate production were increased from 30 to 60,umol/h per g (results not shown). Simultaneously, rates of oxygen uptake were decreased by 20,umol/h per g. Effect ofadrenaline treatment on oxygen uptake in the perfused liver It has previously been shown that adrenaline treatment increases the oxygen consumption of liver slices (Bernstein et al., 1974) . In fed rats, injection of adrenaline (2mg/kg intraperitoneally 1 h before perfusion) produced a significant increase in oxygen uptake by the perfused liver ( Time after ethanol (min) Fig. 4 Results are means ± S.E.M. (n = 6-8).
Control rates of oxygen uptake were unchanged after 24h of starvation, confirming earlier studies (Thurman & Scholz, 1969) . Treatment with ethanol and adrenaline increased oxygen uptake by 44 and 28pmol/h per g respectively (Table 1) . These differences were, however, not statistically significantly different from the controls.
Effect ofethanol treatment on bloodglucose concentrations in the rat in vivo Blood glucose concentrations in the rat were constant between 5 and 6mm over the 3h period of the experiment in control rats (Fig. 4) . After addition of ethanol (5.Og/kg), blood glucose concentrations increased to between 9 and 1OmM within 2.5h. After 2.5h of treatment with ethanol, hepatic glycogen contents and rates of glucose production by the liver were also decreased by approx. 40 % and 20 % respectively ( Table 2) .
Effect of ethanol treatment on ethanol utilization, alcohol dehydrogenase activity and microsomal ethanol oxidation A clear correlation between oxygen uptake and ethanol metabolism has been established previously (Thurman et al., 1975) . In these studies, the rate of ethanol uptake was nearly doubled 2.5 h after (Porta et al., 1968; DeCarli & Lieber, 1967) . The data in the present paper indicate clearly, however, that the oxygen uptake by the ethanol-free perfused liver and subsequent ethanol metabolism can be nearly doubled only 2-3 h after one large dose of ethanol (5.0g/kg) to the rat (Fig. 1) . Because this activation of oxygen uptake occurs in the absence of ethanol, it can be concluded that this response is 'remembered' by the liver (i.e. it is not a direct response to ethanol which is readily reversible). On the other hand, the activation of oxygen uptake was swift ( Fig. 1 ) and tended to return to the basal value at 5h after the dose, indicating that the effect of ethanol was transient (Fig. 1) .
Several studies have shown a direct relationship between oxygen uptake and ethanol uptake (Thurman et al., 1975; Israel et al., 1973) . Enhanced oxygen uptake activated NADH reoxidation, thereby facilitating the rate-limiting step in ethanol metabolism, the dissociation of the alcohol dehydrogenase-NADH complex. This allows ethanol to be oxidized more rapidly when the liver is respiring at a more rapid rate. This observation that ethanol uptake was greater in the perfused liver 2.5 h after ethanol treatment than in livers from untreated rats is consistent with this hypothesis (see the Results section). It is also likely that the rapid increase in oxygen uptake caused by ethanol treatment is responsible for the 'concentration effect' observed in vivo , since that process is also 'remembered' (i.e. the accelerated rate of ethanol elimination is linear with time) and occurs as soon as 2h after the administration of ethanol . Thus, taken together, these experiments suggest strongly that a repeated acute rather than a chronic action of ethanol is responsible for the 'adaptive increase' in ethanol Physiological trigger for the increase in oxygen uptake caused by ethanol administration Because the activation of oxygen uptake was rapid (2-3 h) in these experiments, involvement of hormonal factors in the mechanism is predicted. This hypothesis is supported by several observations. First, adrenaline injected into the rat partially mimicked the increase observed with ethanol (Table  1) , confirming previous observations with liver slices by Bernstein et al. (1974) . Second, the increase in hepatic respiration observed 2.5 h after treatment with ethanol could be blocked by both a-and /1-adrenergic blocking agents (Table 1) . Third, the actions of ethanol and adrenaline were not additive, indicating that the rapid increase in hepatic oxygen uptake is triggered, at least in part, via an ethanolmediated release of adrenaline. The observation that blood glucose concentrations increased (Fig. 4) and hepatic glycogen concentrations declined with a time course similar to the increase in oxygen uptake observed in these studies is consistent with this hypothesis, since the stimulation of glycogenolysis by adrenaline is well documented (Sutherland et al., 1965 Second, an induction or activation at the Na+-plus-K+-activated ATPase has been postulated to be a primary event in the mechanisms of the 'adaptive increase' in ethanol metabolism caused by prior pretreatment with ethanol in liver slices and perfused liver (Thurman et al., 1975) . This conclusion rests primarily on the observation that oxygen and ethanol uptake by slices or perfused livers was diminished to a larger degree by ouabain in tissues from alcohol-treated than from control rats Thurman et al., 1975) . This postulate has, however, subsequently been challenged . It was 1980 demonstrated that the inhibition by ouabain was a slow process most likely resulting from the accumulation of ions in the liver as a consequence of inhibition of the Na+-plus-K+-activated ATPase . Inhibition of ethanol and oxygen uptake did not correlate with the inhibition of the sodium pump as judged kinetically from the rapid change in ionic composition of the perfusion fluid. Therefore, it is unlikely that an induction of the sodium pump is involved in the mechanism of the 'adaptive increase' . Furthermore, it is also improbable that it could adapt in only 2.5 h. Enhanced ethanol uptake could be largely blocked by an alcohol dehydrogease inhibitor, 4-methylpyrazole (see the Results section). This shows clearly that alcohol dehydrogenase is involved in the increased rate of ethanol elimination observed after 2.5 h of treatment with ethanol in spite of the observation that the activity of alcohol dehydrogenase was not changed by ethanol treatment.
The mitochondrial respiratory chain is also implicated in this increase in oxygen uptake, on the basis of sensitivity to an inhibitor of cytochrome oxidase, KCN (Fig. 2) . It is well established that the rate of electron flux in the mitochondrial respiratory chain is controlled by the phosphate potential or, simply, by the supply of ADP (Chance & Williams, 1955) . Partial inhibition of the increased oxygen uptake by atractyloside, an inhibitor of the adenine nucleotide translocase, suggests that an ATPase of cytosolic origin is responsible for increasing ADP and thereby stimulating oxygen uptake after treatment with ethanol.
Role ofglycolysis in the mechanism ofincreased oxygen uptake caused by treatment with ethanol Acute treatment with ethanol has been shown to increase hepatic triacylglycerols (Abrams & Cooper, 1976) ; however, fatty acid oxidation inhibits rather than stimulates ethanol uptake (T. Yuki & R. G. Thurman, unpublished work) . Thus it is unlikely that fatty acid oxidation plays a significant role in the mechanism of this phenomenon. It is well known that ethanol inhibits glycolysis through redox inhibition of glyceraldehyde 3-phosphate dehydrogenase ( Fig. 3a ; Rawat & Lundquist, 1968) . Thurman & Scholz (1977) demonstrated that the diminished rate of ATP generation after inhibition of glycolysis by ethanol is responsible for the small (5-10%) increase in hepatic oxygen uptake observed when ethanol is infused into the liver (Fig. 3a) . However, this phenomenon, unlike the processes described in the present paper, has an absolute requirement for the presence of ethanol in the liver.
In the present studies, livers from animals treated with ethanol were characterized by low glycogen contents and low rates of glycolysis (Fig. 3b) . Also, the activation of oxygen uptake by ethanol was considerably less (about 50% as large) in livers from starved rats, where glycolysis was absent. The increase in oxygen uptake also was partially reversed by infusion of glucose. Since glycolysis is an ATPproduction reaction, the inhibition of glycolysis is equivalent to the stimulation of an ATPase. These data are consistent with the hypothesis that a major factor responsible for the elevation of oxygen uptake after ethanol treatment is diminished rates of glycolysis. However, one important question arises: how much of the stimulation of oxygen uptake can the ethanol-mediated inhibition of glycolysis account for quantitatively? If one calculates the difference in oxygen uptake between control (107,umol/h per g) and ethanol-treated (192,umol/h per g) livers by assuming a P/O ratio of 2.5, the ATP produced from glycolysis can account for 20,mol of oxygen/h per g, or about 230% of the observed increase (85,umol/h per g). On the other hand, this calculation does not take 'futile cycling' in glycolysis or the small energy demands for enhanced ketogenesis (about 10% of the increase; Table 2 ) into account. In livers from starved rats, however, the increase in oxygen uptake caused by ethanol treatment was only about 50 % as great as in livers from fed rats. Thus the contribution of inhibition of glycolysis to the stimulation of oxygen uptake is between 23 and 50% of the total increase. One must therefore postulate another ATPase activity of unknown nature (Scheme 1; X) to account for the rest of the increase in oxygen uptake after treatment with ethanol.
